High-quality ultrasmooth surface is needed in modern optics, while the existing ultrasmooth surface processing methods are difficult to meet the requirement of the surface figure. In order to solve this problem, the active feed polishing (AFP) is taken as the research object, and the dual-rotor tool path is put forward for this technology. This tool path is generated based on the motion synthesis principle, which realizes smooth connection between different sections. At the same time, the eccentricity, the speed ratio, the velocity, and other parameters can be modified easily, avoiding using the complicated dual-rotor polishing mechanism. In order to further analyze the removal error, the removal amount calculation method for the dual-rotor path is researched and proposed. The simulation analysis results show that the greatest influence factor for the removal error is the sampling interval, the influence of the eccentricity and the speed ratio is less, and the velocity has little impact on it. In addition, the removal error can be controlled within acceptable range by reasonable selection of process parameters. Finally, through a processing experiment of a 100 mm plane lens, the feasibility and effectiveness of this path is verified. This experimental result shows that the AFP technology using the dual-rotor tool path can effectively correct the surface shape while reducing the surface roughness.
Introduction
Modern science and technique put forward a higher requirement for optical surface quality, so ultrasmooth fabrication technology becomes an important research direction because it can get extremely low surface roughness. At present, the common ultrasmooth processing methods include float polishing (FP) [1, 2] , bowl polishing [3] , elastic emission machining (EEM) [4] [5] [6] , chemical mechanical polishing [7, 8] , and plasma-assisted chemical etching [9] . However, most of these methods process the whole surface simultaneously, so that it is difficult for them to balance the surface figure. In theory, the EEM can correct the surface figure during ultrasmooth processing, but the efficiency is slow. So, it becomes an urgent problem to search a processing method that can balance surface roughness and figure.
Active feed polishing (AFP) technology is a new kind of ultrasmooth processing method that is proposed on the basis of FP principle combined with small tool polishing. The small tool polishing [10] not only has a high efficiency, but also provides a possibility that the surface figure and roughness can be balanced at the same time. The AFP technology will be studied in how to correct the surface figure during the ultrasmooth processing, and the motion mode and removal error will be analyzed too.
Basic Theories
The principle of the AFP technology is shown in Fig. 1 . The slurry is supplied from the center of the polishing head and flows through the microholes 1559-128X/13/286948-08$15.00/0 © 2013 Optical Society of America at the bottom. In the polishing process, the polishing head is rotating so that the load between the pad and workpiece is supported by a fluid layer [11, 12] . At this time, the slurry in this layer moves along the circumferential direction. And the microabrasive in the slurry scratch the surface along the tangential direction by a large speed, to finally remove the surface atoms. So it can obtain the ultrasmooth surface without bringing subsurface damage. Furthermore, some factors require adjustment, such as slurry properties, processing time and rotating speed, so that enough shear force can be generated to remove the material. In addition, spherical and aspherical optical elements can be also processed by controlling the position and angle of the polishing head.
Although the AFP is developed based on the principle of FP, its essence is small tool polishing, so the theory of small tool polishing is also suitable for it. In the description of small tool polishing theory, there are two important equations, one is to describe the removal amount, which was proposed by Preston [13] 
in 1927
Δhx; y k · vx; y · px; y;
where Δhx; y, vx; y and px; y is the unit time removal amount, instantaneous relative velocity, and instantaneous pressure at point x; y. k is the proportional coefficient that is related to the polishing conditions. This equation points out that the removal rate is proportional to the relative velocity and pressure. In the AFP, the slurry under the polishing head updates fast and it is well-distributed due to the array of microholes, so the uniformity under the polishing head is superior to an ordinary polishing head, and more suitable for application of the Preston equation.
Another equation describes the processing of small tool polishing:
Wx; y Rx; y Tx; y;
where Wx; y, Rx; y, and Tx; y denote, respectively, the removal amount, removal function, and dwell time function, means two-dimensional convolution. The equation shows that the removal amount is equal to the convolution of the removal function to the dwell time in the trajectory [14] .
As can be seen, the removal function is the basic function to describe the polishing characteristics. In 1977, Jones proposed that the optimum tool removal profile is to have a central peak and a fairly rapid decrease to zero, and a good method for generating it was dual-rotations [14] . That means the polishing tool has orbital and spin motion simultaneously. The principle of the dual-rotations mechanism is shown in Fig. 2 . According to this principle, Jones designed the first computer-controlled polishing machine in the world, which reached a great success [15] [16] [17] . From then on, this kind of dual-rotor tool was widely adopted in computer controlled optical surfacing (CCOS), and therefore CCOS is widely used even in complex optical surfaces, such as meter-class optics, segmented mirrors, off-axis mirrors, and so forth [18] [19] [20] [21] .
This way is effective in the practice, but it also is inconvenient for mechanical design. Literature [18, 22, 23] use the planetary mechanism to realize the planet movement, but this type of transmission chain is complex, and not conductive to adjusting the speed ratio and eccentricity. For the AFP, it is difficult to supply the slurry inside the polishing head. If the planetary mechanism is added, the system will become cumbersome and extremely complicated. In order to realize planet movement and avoid using the dual-rotor polishing mechanism, the principle of motion synthesis is used, and the related problems will be studied in later sections.
Dual-Rotor Tool Path Generation and Error Analysis

A. Basic Principle of Dual-Rotor Tool Path Generation
The motion principle of the existing dual-rotor polishing mechanism is shown in Fig. 3(a) . The polishing pad whose radius is r 2 rotates with the spin angular velocity w 2 . At the same time, it revolves around the orbital axis o 1 with the orbital angular velocity w 1 , and the orbital radius is r 1 . That constitutes the motion mode of the dual-rotor polishing mechanism. In the polishing process, the orbital and the spin motion are completed by the dual-rotor mechanism, which is driven by machine to move along a certain function curve f xt to finish the whole surface processing.
The path of motion synthesis mode is shown in Fig. 3(b) , which can be called the dual-rotor tool path. In this movement, the polishing pad only completes spin motion. The orbital and translational motion is all completed by machine X-Y axis. That is to say, the trajectory of the polishing pad f 0 xt is the synthesis motion of orbital and translational motion. And this synthesis motion can be realized by moving the X-Y axis of the machine under the control of the computer. This kind of method cannot only simulate the trajectory of the dual-rotor polishing mechanism, but also greatly simplifies the mechanical design. In addition, it is convenient to modify the parameters online, such as speed ratio and eccentricity.
The key of the motion synthesis is to get the moving path of the center of the polishing head, which can be describes as
where the first part describes the orbital motion of the polishing head, the second part describes the translation motion. This formula represents the general circumstance. After identifying the basic form of the path, it also needs to join the path of different sections smoothly. Considering the raster scanning path is often used in actual processing, the workpiece surface can be first divided into a homogeneous rectangular grid and then two adjacent points are selected to study the connection of two paths, as shown in Fig. 4 , where N i , N i1 are two adjacent points in one rectangular grid, m i is the middle point of N i and N i1 .
In theory, the dwell time at each grid point can be calculated accurately, but actually, the polishing head cannot only stay at the grid point. The common situation is that the polishing head is controlled to move continuously near the grid point, to make the residence time equal to the theory dwell time of the grid point.
In Fig. 4 , the adjacent area of the point N i is the region between m i−1 and m i , the adjacent area of N i1 is between m i and m i1 . The spiral line represents the trajectory of the center of the polishing head. The dwell time of point N i is T i ; similarly, the dwell time of point N i1 is T i1 .
At a certain time, the orbital center of the polishing head moves to point m i , and the center of the polishing head moves to point P. If the phase of the point P relative to point m i is taken as the initial phase of section N i1 , the continuity of the phase at different sections can be ensured, that is,
where θ i represents the spiral phase at the end of section N i . This cannot only ensure the continuity of the path, but also ensure the continuity of the velocity direction, to make the machine move smoothly during processing.
B. Removal Amount Calculation of the Dual-Rotor Tool Path
Considering the raster scanning path is usually used in the processing, the only situation that will be studied is when the center of the dual-rotor moves along a straight line, as shown in Fig. 5 .
In the figure, O 2 is the center of the polishing head, O 1 is the instantaneous orbital center of the polishing head. r 2 represents the radius of the polishing head, r 1 represents the instantaneous orbital radius of the polishing head. w 1 and w 2 represent the angular velocity of orbital and spin motion.
According to above analysis, the synthesis motion of the center of the polishing head can be expressed as 
After derivation, the velocity of the center of the polishing head can be obtained as
Suppose that sometime a point P on the workpiece has a distance of r with the center of the polishing head, and the coincidence point with P on the polishing head is k. From the theory of mechanics, the velocity of point k is the synthesis vector of following velocity and relative velocity. Known from Fig. 5 
where r is the distance between k and O 2 , and it can be calculated as
So the synthesis speed of point k is v x v e · cos θ e v r · cos θ r v y v e · sin θ e v r · sin θ r ; 10
Because all the variables eventually come down to the function of t, the final removal rate of the dualrotor tool path is
Through the simulation, the theoretical removal function and the dual-rotor path removal shape can be obtained, as shown in Fig. 6 .
In Fig. 6 , the eccentricity e of the dual-rotor is 0.8, the speed ratio n is 8. In order to compare them clearly, the axis unit of Fig. 6(a) is normalized, and the axis unit of Fig. 6(b) is reduced in the same scale. As can be seen, the removal shape of the dual-rotor path is significantly elongated and the highest point is lower than the theoretical removal function.
C. Removal Error Analysis of the Dual-Rotor Tool Path
In order to analyze the influence of the polishing parameters on the removal function, the removal error of the dual-rotor tool path can be first defined as
It can be explained with Fig. 7 . S is a large enough space that contains theoretical and actual removal range. At point i, the removal amount of the theoretical removal function is T i , the removal amount of the dual-rotor path removal shape is D i . ζ i is the removal amount deviation between theory and practice, so ζ i jD i − T i j, which is expressed in the form of absolute value. And the R i∈S ζ i means the part in shade. R j means the theory removal amount in point j. R is the theory removal range.
Three key factors will be considered to analyze the removal error of the dual-rotor tool path.
Influence of Sampling Interval
In order to unify the effects of different polishing head diameters, define the relative sampling interval as
where L is the sampling interval, D is the diameter of the removal function. When the sampling interval is larger, the actual removal shape will be "stretched" than the theoretical removal function and finally brings error. The relationship between L 0 and δ can be researched under different eccentricity e and speed ratio n, as shown in Fig. 8 .
As can be seen from the figure, the removal error increased monotonically with the rising of the relative sampling interval. When eccentricity e and speed ratio n change to different combinations, the removal error curves show a little difference but the trend is the same. So it can be concluded that the removal error can be less than 10% in theory when relative sampling interval L 0 is no more than 0.2.
Influence of the Removal Function Shape without Translation
There are two factors that decided the removal function shape without translation: eccentricity e and speed ratio n. And the influence of them can be obtained through simulation, as shown in Fig. 9 . The relative sampling interval L 0 < 0.15, the speed ratio range n 1-10, eccentricity range e 0.5-0.9, which basically cover the common range of dual-rotor processing parameters.
As can be seen in the figure, the removal error is increased monotonically with the rising of the speed ratio. When the speed ratio is low, the curve is steep, which shows the removal error is quite sensitive to the change of it. The eccentricity has great effect on the removal error, but this influence is complex. On the whole, when eccentricity is larger, the peak in the center of removal function is more prominent, which will lead to a larger removal error.
Influence of Motion Velocity
Here the motion velocity refers to the translation speed of the whole dual-rotor. However, simply considering the influence of motion velocity has little meaning, so the relative motion velocity can be defined as
where, V is the translation velocity of the whole dualrotor, v is the orbital speed of the polishing head. Seen from the shape, the relative motion velocity V 0 actually characterizes the "stretch" level of the spiral path, and it also represents the ratio of the feed to the orbital radius in one orbital cycle. The simulation results are shown in Fig. 10 . In the figure, the removal error increases with the rising of the relative velocity V 0 , but it does not increase monotonically, because the relative velocity does not directly affect the removal error. Seen between the curves, when relative sampling interval L 0 is larger, the error curve was significantly increased, showing the influence of the relative Fig. 8 . Relationship between the relative sampling interval and the removal error. Fig. 9 . Relationship between the removal function shape and the removal error.
sampling interval is greater than relative velocity, so an appropriate sampling interval should be selected first.
Experimental Results
In order to evaluate the dual-rotor tool path generation method and the effect of the AFP, a 100 mm diameter plane lens is selected as the workpiece, to make full aperture ultrasmooth processing experiment.
The processing parameters, which are shown in Table 1 , can be selected according to the analysis in Subsection 3.C. As discussed above, the relative sampling interval L 0 should be chosen first and as small as possible in order to reduce the removal error. In the polishing process, the diameter of the removal function is usually fixed, so the actual sampling interval should be as small as possible. However, an extremely small sampling interval will lead to a sharp increase of the number of the resident points, which makes the solution of dwell time difficult. So considering the actual solving of the dwell time, the sampling interval is selected as L 2 mm.
Then the removal function shape should be considered, which means to select the eccentricity e and the speed ratio n. In order to decrease the surface shape error effectively, the removal function should be similar to Gauss shape, and the parameter after optimization can be obtained from the literature [24] that the eccentricity e is 0.8, and the speed ratio n is 8. The diameter of the polishing head in the processing is 20 mm, so the diameter of the removal function is 36 mm, and the relative sampling interval L 0 is 0.056.
The relative velocity has little effect on the removal error, so it is considered at last. In the processing, the translation velocity of the whole dual-rotor is decided by sampling interval and dwell time. In the solved dwell times, the shortest one is 0.105 min, so the speed can be calculated to be V 0.317 mm∕s, and that is the highest velocity in the polishing. So if the orbital speed v of the polishing head is faster than 3.17 mm∕s, the relative speed V 0 can be guaranteed to be less than 0.1, and the removal accuracy will be ensured.
When processing parameters are fixed, the dualrotor path can be generated. First, generate the raster scanning path according to the position of the dwell points. Then, like the process shown in Fig. 4 , change the line section to dual-rotor path at each dwell point using the parameters in Table 1 . At last, make the different dual-rotor path sections smooth, as discussed in Subsection 3.A. And the final generated dual-rotor path is shown in Fig. 11 .
In order to validate the polishing effect of the dual-rotor path in the actual process, a Zygo interferometer is used for measuring the surface figure. The surface figure before processing is shown in Fig. 12(a) . As can be seen, the surface figure before processing is 32.484 nm RMS, the middle is higher. Through solving of dwell time, the comparison of the surface figure between theory analysis and real processing is shown in Figs. 12(b) and 12(c) . It can be seen that after processing, the figure accuracy is increased from 32.484 to 3.857 nm RMS. Seen from the appearance of the surface figure, the actual processing result is very similar to the theory one through careful design of process parameters. This experiment shows that the dual-rotor path can reduce the surface figure effectively.
In order to verify the smoothing effect of the ultrasmooth processing, the NewView 700 white-light Fig. 10 . Relationship between the relative motion velocity and the removal error. The max relative motion velocity V 0 max 0.094 Fig. 11 . Final generated dual-rotor path.
interferometer is used for measuring surface roughness. The comparison before and after processing is shown in Fig. 13 . Before processing, the measured surface roughness of workpiece is typically 0.838 nm RMS, as shown in Fig. 13(a) . As can be seen in the figure, there are a lot of random scratches on the original surface, which are the typical traces from rough processing. After processing, the typical surface roughness value is decreased to 0.342 nm RMS, as shown in Fig. 13(b) . As can be seen, the random scratches before processing have disappeared, the surface undulation becomes gentle, so it proves to be a real ultrasmooth surface.
Conclusions
According to the characteristics of AFP technology, the method of the dual-rotor path is proposed to replace the complex dual-rotor polishing mechanism. The path is completely controlled by the machine, so it is simple to be generated and adjusted. Meanwhile, it improves the reliability and avoids the complicated works, such as mechanical design, machining, installation, and commissioning. The analysis results of removal error on the dual-rotor path show that, suitable process parameters can reduce the removal error to be small enough. Through experiment, the feasibility of dual-rotor path is validated, and the effectiveness of the AFP technology is also demonstrated. As can be shown, the AFP with dual-rotor path can reduce the surface figure and roughness simultaneously.
